ABSTRACT Highly ordered two-dimensional (2-D) crystals of Escherichia cofi-expressed bacteriorhodopsin analog (e-bR) and its D96N variant (e-D96N) reconstituted in Halobacterium halobium lipids have been obtained by starting with the opsin protein purified in the denaturing detergent sodium dodecyl sulfate. These crystals embedded in glucose show electron diffraction in projection to better than 3.0 A at room temperature. This is the first instance that expressed bR or a variant has been crystallized in 2-D arrays showing such high order. The crystal lattice is homologous to that in wild-type bR (w-bR) in purple membranes (PM) and permit high resolution analyses of the structure of the functionally impaired D96N variant. The e-bR crystal is isomorphous to that in PM with an overall averaged fractional change of 12.7% (26-3.6-A resolution) in the projection structure factors. The projection difference Fourier map e-bR-PM at 3.6-A resolution indicates small conformational changes equivalent to movement of -<7 C-atoms distributed within and in the neighborhood of the protein envelope. This result shows that relative to w-bR there are no global structural rearrangements in e-bR at this 3.6 A resolution level. The e-D96N crystal is isomorphous to the e-bR crystal with a smaller (9.2%) overall averaged fractional change in the structure factors. The significant structural differences between e-D96N and e-bR are concentrated at high resolution (5-3.6 A); however, these changes are small as quantified from the 3.6 A resolution e-D96N-e-bR Fourier difference map. The difference map showed no statistically significant peaks or valleys within 5 A in projection from the site of D96 substitution on helix C. Elsewhere within the protein envelope the integrated measure of peaks or valleys was <-3 C-atom equivalents. Thus, our results show that for the isosteric substitution of Asp96 by Asn, the molecular conformation of bR in its ground state is essentially unaltered. Therefore, the known effect of D96N on the slowed M412 decay is not due to ground-state structural perturbations.
INTRODUCTION
Bacteriorhodopsin (bR) is a light-activated proton pump organized in a highly ordered two-dimensional (2D) P3 lattice in the specialized PM patches of Halobacterium halobium where it is the sole protein (Stoeckenius and Bogomolni, 1982) . BR contains an all-trans retinylidene chromophore covalently linked to the E-amino group of Lys216 through a protonated Schiff base. Upon illumination, isomerization of the chromophore from the all-trans to 13-cis (Mathies et al., 1988) takes place which initiates a photocycle involving at least six intermediates (Lozier et al., 1975 (Lozier et al., , 1992 . The net result is a vectorial translocation of 1.1 ± 0.2 protons/bR molecule/photocycle from the interior to the exterior of the cell (Grzsiek and Dencher, 1986) . Extensive spectroscopic and functional studies on site-directed mutants have identified which amino acids interact most strongly with the chro-mophore and affect the proton pump (reviewed in Khorana, 1988;  Trissl, 1990; Mathies et al., 1991; Lanyi, 1992; Rothschild, 1992; Oesterhelt et al., 1992) . Until 1990 all sitedirected studies had been carried out on bacterioopsin analogs expressed inEscherichia coli (Karnik et al., 1987; . More recently site-directed mutants in bRdeficient H. halobium strain have been expressed and studied (Needleman et al., 1991; Turner et al., 1993) . Based on electron crystallographic analyses of PM, Hayward and Stroud (1981) , by addition of small regions of images determined the projected structure of PM at 3.7-A resolution, and recently a three-dimensional structural model of bR at 3.5-A in-plane resolution and -1o-A resolution perpendicular to the membrane plane has been determined from electron cryomicroscopy (Henderson et al., 1990) . These studies have greatly advanced our understanding toward a molecular model of the proton pump in bR.
The two key steps in the photocycle of bR are the deprotonation of the SB during the photointermediate L -* M transition and reprotonation of SB in the photointermediate M -* N transition. Recent studies on the single-site replacements of buried aspartates have revealed that Asp85 and Asp96 are intimately involved in these transitions. It is suggested that a carboxylate group with unusually lowpKa -2.5 (Rothschild et al., 1981) assigned to Asp85 (Braiman et al., 1988) accepts the proton from the SB during L --M transition (Braiman et al., 1988) , while Asp96 with its elevated pKa (-10) (Metz et al., 1992 ) is involved in proton uptake and SB reprotonation (Braiman et al., 1988; Gerwert et al., 1989; Holz et al., 1989; Otto et al., 1989; Thorgeirsson et al., 1991) and is deprotonated during the M -* N transition (Bousche et al., 1991) . The formation of the photo-excited M412 intermediate in the Asp85-Asn variant is inhibited resulting in complete extinction of proton pumping (Braiman et al., 1988; Miercke et al., 1991) . Interestingly, recent studies on this variant from H. halobium-expressed material shows that in the pH range 6-12 the protein exists as three spectroscopic species in equilibrium which are homologs of M, N, and 0 photo-intermediates (Turner et al., 1993 ). The D96N variant shows reduced proton pumping due to slowed decay of the M412 intermediate . Another aspartate, Asp212 has been suggested to play a more indirect role acting as one of the participants of the proton acceptor complex (Needleman et al., 1991) . In functionally impaired variants the effect exerted by single amino acid substitution on the photocycle and chromophore environment can also be modulated by structural rearrangements. Therefore, it is necessary to characterize any change in the structure in addition to function to separate localized chemical/electrostatic effect of mutation from possible large-scale structural alterations relayed to the rest of the protein. In this work we have used electron diffraction as a sensitive high resolution assay (Mitra and Stroud, 1990) to probe the structure in the functionally impaired D96N variant. Starting with e-bO expressed in large quantities and purified to homogeneity we developed a method for obtaining large twodimensional (2-D) crystals of e-bR that diffracted to high resolution and have lattices very similar to that in PM. Using an analogous protocol, we prepared 2-D crystals of the e-D96N variant. Here we compare in projection the ground state structures of e-bR and wild-type bR in PM and the structures of e-D96N and e-bR by difference Fourier analyses.
MATERIALS AND METHODS Materials
Buffers used were the following: 0.1% (w/v) sodium dodecyl sulfate (SDS; Bio-Rad, Richmond, CA), 100 mM sodium acetate, pH 6.0 (Buffer A); 50 mM NG (CalBiochem, San Diego, CA), 5 mM sodium acetate, 4 mM sodium azide, pH 5.0 (Buffer B); 18 mM NG, 5 mM sodium acetate, 4 mM sodium azide, pH 5.0 (Buffer C); 10 mM sodium acetate, 4 mM sodium azide, 16 mM CHAPSO (Boehringer Mannheim Biochemicals, Indianapolis, IN), pH 5.0 (Buffer D); Buffer D, 0.5 M NaCl (Buffer E); 100 mM sodium acetate, 4 mM sodium azide, pH 5.0 (Buffer F); 30 mM sodium phosphate, pH 6.0 (Buffer G); 100 mM potassium phosphate, 6 mM OG (Pfanstiel Labs., Waukegan, IL), 200,uM DTAC (Eastman Kodak Co., Rochester, NY), pH 5.2 (Buffer H); 10 mM sodium acetate, 4 mM sodium azide, pH 5.0 (Buffer I); 10 mM sodium acetate, pH 5.0 (Buffer J); Triton X-100 (Pierce, Rockford, IL), DMPC (Avanti Polar lipids, Birmingham, AL), CHAPS (Fluka, Ronkonkoma, NY), all-trans retinal (Sigma Chemical Co., St. Louis, MO). D-Glucose and the salts were reagent grade.
Purification and 2-D crystallization of E. coli-expressed protein Large-scale e-bO expression (17 mgs/liter) was carried out according to . Retinylation and purification to homogeneity of wildtype fusion protein e-bR and e-D96N variant were carried out as described ) with modifications. All-trans retinal incorporation was carried out overnight upon mixing, by volume, 200 parts of 0.3-0.4 mg/ml of protein in BufferA, 40 parts of 4% DMPC/4% CHAPS in water, 80 parts of water and 2 molar equivalents (retinal to protein) retinal. The reaction mixture was 0.2-gm filtered, concentrated 4-5-fold with high pressure filtration,YM-30 membrane (Amicon Inc., Beverly, MA), and applied (3-5-ml sample/tube) on top of a 6.5% (w/v) sucrose in Buffer B with a 22% w/v cushion and spun in a VTiSO rotor at 45,000 rpm, 4°C for 40 h. Protein at the sucrose-cushion interphase was directly applied to "Red-A" dye-ligand matrix (Millipore Corp., Bedford, MA) which had been equilibrated with Buffer C. The matrix was washed with 10 column volumes of Buffer D, and the protein eluted with Buffer E to produce pure bR monomer in CHAPSO which contained <0.05 mol of lipid phosphorous/mol of bR as determined from lipid-phosphate analysis (Miercke et al., 1989) .
Reconstitution and 2-D crystallization of the retinylated fusion-protein in polar lipids extracted from PM or from whole cells of H. halobium (Kates et al., 1982) was performed using the protocol we developed and described in more detail here in the form of a flow chart in Fig. 1 . Reconstitution/crystallization was carried out by dialysis in dark at 4°C for 2-5 weeks using Spectropore 6 (25-kDa molecular cut-off) membranes. All handling of detergent-solubilized protein samples was done under dim red light. Detergent exchange and protein concentration were carried out in the dark at 4°C using high pressure filtration and YM-30 membranes.
Crystallized samples of e-bR and e-D96N in buffer F were stored at 4°C.
Expression in and purification of D96N membranes from H. halobium
The bacterio-opsin gene containing the D96N mutation was subcloned from the E. coli expression vector p3gbop ) into theE. coli/H. halobium shuttle vector pUBP2 (Blaseio and Pfeifer, 1990) . Subsequently, the latter construct was transformed into the BR-deficient H. halobium strain L33 (Wagner et al., 1983) by the method of Cline et al. (1989) . H. halobium-D96N growth and harvesting was as described in Turner et al. (1993) . The membranes, after removing sucrose by centrifugation, were resuspended in buffer G. In order to obtain large (-5-,um diameter) crystals for electron diffraction studies, these membrane patches (-0.8-,m average diameter) were subsequently fused (henceforth referred to as h-D96N samples) in buffer H using the protocol of Henderson et al. (1990) .
The concentration of bR was assayed by optical absorbance using a value of 54,000 cm-' M-' for the molar extinction coefficient at the visible absorption maximum of detergent-solubilized samples and using a value of 63,000 for membrane-reconstituted samples. Optical absorbances were measured in a Shimadzu UV-160 spectrophotometer. 
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Data acquisition and analyses
Diffraction patterns and films for calibrating optical density to electrons were digitized on a flatbed microdensitometer (model 1010 M, PerkinElmer Corp., Norwalk, C`T) whose output was filtered by a 4302 dual 242B/ Octave band-pass filter (Ithaco, Ithaca, NY) to damp high frequency noise. The aperture and step size for digitizing the diffraction patterns was 10 ,um, while these were 30 p.m for digitizing the dose-calibration films.
Reconstituted e-bR and e-D96N sheets sometimes consisted of a single surface lattice but usually had two and up to four superimposed P3 lattices each of which were twinned, in general, to different extents. In order to visually assess the resolution, specimen tilt and number of overlapping lattices each digitized diffraction pattern was displayed on a Parallax 1280 display processor (Parallax Corp., Sunnyvale, CA) after 3X3 nearest-neighbor pixel averaging. Using the positions of the maxima of strong reflections, the least-squares refined [01] and [10] lattice vectors for all contributing lattices were obtained. The digitized pattern was smoothed and optical densities converted to electrons using the data from calibration films relating optical density to electron exposure (Katre et al., 1984) . Next, starting with the predicted positions of all the reflections in the lattice that showed most intense spots (major lattice), a "matched filter" algorithm (Katre et al., 1984) was employed to accurately locate the centers and evaluate the background-corrected intensities. In this process whenever the center of a reflection spot for this "major" lattice was within twice the average spot radius of spot/s belonging to the other "minor" lattice/s it was not considered for intensity measurement. Such rejections usually constituted <10% of the total list of reflections for a given pattern. Four diffraction patterns from nominally untilted e-bR crystals and five from nominally untilted e-D96N crystals that showed sharp reflections to high resolution (better than 3.5 ) were analyzed.
In order to extract accurate projection intensities from the data collected from such reconstituted crystals we employed a scheme, previously developed by Mitra and Stroud (1990) , for analyzing twinning, detwinning, and removal of the effects of the specimen tilt through a least-squares algorithm. For estimating the twin and tilt parameters, projection intensities and the variation of intensities as a function of reciprocal lattice coordinate z*, near z* = 0, for all lattice rods in the resolution shell 26-5 A obtained by Henderson et al. (1990) for PM were used. The extracted projection intensities were six-fold symmetry averaged and the averaged structure factor and its variance were evaluated. All patterns were processed to 3.6-A resolution.
The scaling between two data sets was performed using a single scale K and a temperature factorB by least squares minimizing Q where Q is given by,
(1)
hk where I1 and I2 are the symmetry averaged extracted intensities for the reflection with indices h, k, Shk is the reciprocal lattice vector and the sum is over all overlapping reflections. Scaled structure factors F were next calculated from the scaled intensity values.
The set of symmetry-averaged structure factors from each e-bR pattern was scaled to the projection data F(PM) from PM (Henderson et al., 1990) and the structure factors were merged yielding a set of consensus e-bR structure factors FN 1. The set of symmetry-averaged structure factors from each e-D96N pattern was scaled to this consensus e-bR data set and the scaled structure factors merged to yield a set of consensus e-D96N structure factors FD 1. Projection maps and difference Fourier maps were synthesized using the scaled-averaged structure factors so determined, and using the phases and figures of merit determined by Henderson et al. (1990) . The mean-squared error (AAp2) in the difference density map given as, (2) is based on the expression given by Dickerson et al. (1961) for density maps and modified for difference maps by Henderson and Moffat (1971) and Blundell and Johnson (1976) . Here o0N and tYD are the standard deviations calculated for IFNI and IFDI, respectively. AF is the difference amplitude, m is the figure of merit, and the sum is over all the reflections used in the synthesis of the map. The standard deviation in the expected noise level in the difference map is given by fl = ((AAp2))112. An absolute scale factor was calculated based on the set of PM projection amplitudes F(PM) by assuming that the protein occupies 68% of the unit cell (Engelman et al., 1980; Hayward and Stroud, 1981) and that the average scattering density in the lipid region is 77% of that of the protein (Engelman et al., 1980) . Electron scattering factors were from the International Tables for Crystallography, vol. 4. RESULTS A high resolution diffraction pattern at room temperature from a glucose-embedded e-D96N crystal is shown in Fig. 2 . The reconstituted samples of e-bR or e-D96N consisted mainly of crystalline circular sheets and vesicles with surface lattice of trigonal P3 symmetry. Occasionally tubular vesicles with an orthorhombic surface lattice (plane group of symmetry pgg, a = 127 A, b = 67 A) were also present . The diameter of the circular patches of reconstituted e-bR or e-D96N crystals measured 5 ,um on average. In our hands (Mitra and Stroud, 1990) this is also the average size of recrystallized 2-D crystals grown from Triton X-100 solubilized PM (Cherry et al., 1978) after 2-4 weeks of dialysis to remove the detergent. Therefore the kinetics of protein reconstitution and crystal growth for e-bR and e-D96N starting from protein-lipid-detergent micelles is similar to those for w-bR.
The averaged unit cell dimension for e-bR crystals was a = 63.2 ± 0.4 A, and for e-D96N crystals was 63.4 ± 0.3 FIGURE 2 Digitized display of high resolution electron diffraction pattern from a glucose-embedded e-D96N crystal after subtracting contribution from inelastic scatter. The pattern is from two major crystalline domains inclined to each other by an angle of 8°. Diffraction spots to 2.9 A are visible. The circular arcs represent 3.1-A resolution.
A. This is 62.5 A in PM as determined by Henderson and coworkers for native membranes (Henderson and Unwin, 1975) or fused sheets (Henderson et al., 1990) at -160°C and 61.9 A as determined by Hayward and Stroud (1981) for native membranes at -120°C. Thus there is -1% increase in the lattice dimension in the lipid-reconstituted crystal of the E. coli-expressed protein. The values of Rsym and Rmerge for the data from e-bR and e-D96N crystals for all reflections (26-3.6-A resolution) and in resolution shells are presented in Table 1 . In Table 2 the merged projection structure factors IFNI (for e-bR) and FDI (for e-D96N) and their standard deviations together with the projection structure factors F(PM) are listed.
As a function of resolution the profiles of the variations of IF (PM) and FN I, averaged in resolution shells, are compared in Fig. 3 . The similarity of these profiles throughout the resolution range is apparent and the average of the difference amplitude ( AF )(( FN -F(PM) ) does not decrease or increase monotonically. This indicates that the wild-type crystal in PM and the reconstituted crystal of bR analog are isomorphous. Under the assumption that the 1.1% increase in unit cell dimension (62.5 to 63.2 A) is isotropic and that no molecular reorientation has taken place in the reconstituted crystal, we estimate a 2.3% fractional change in the structure factor in the resolution range considered. This is much smaller than the observed overall fractional change (II FN -F(PM) 1)/( F(PM) ) where Fj (= (F I)) is the six-fold symmetry averaged value for a given reflection in a pattern and Fmerge is the corresponding merged value from N patterns.
1 298 FIGURE 3 Resolution dependence of scaled and merged projection structure factors ( FN ) for e-bR crystal compared to those for PM (Henderson et al., 1990) . Each point of the graph is for a bin of 12 reflections centered at that resolution. AF = I FN -F(PM) I. of 12.7%. The projection density map at 3.6-A resolution for e-bR is shown in Fig. 4 Fig. 4 b. This map describes, relative to w-bR, the sites and the magnitudes of the observed changes in projection in the structure of e-bR. Fig. 4 c is a difference map calculated between two independent subsets each comprising of two merged e-bR data sets. This map describes the contribution of the errors in the amplitudes within the e-bR data sets to features in the difference map shown in Fig. 4 b. The relative strengths of the peaks and valleys in Fig. 4 b can be estimated from the calculated integrated density of the broad peak marked I in the lipid region which, based on an absolute scaling, represents change equivalent to approximately 7 carbon atoms.
In Fig. 5 , as a function of resolution, the profiles of the variations of FD and FN I, averaged in resolution shells, are compared. The e-D96N crystal is isomorphous to e-bR crystal to the highest resolution we have studied. The observed fractional change in averaged structure factors between e-D96N and e-bR given by (I FD) -FN 1)/( FN ) ranges from 4.8% at low resolution (26-7 A) to 13.0% at high resolution (7-3.6 A) with an overall value of 9.2%. These changes are smaller than what we observe between data from e-bR and PM.
We estimated how much of the observed fractional change between e-bR and e-D96N data corresponds to signal in two ways as follows.
FIGURE 4 (a) Projection density map of e-bR at 3.6-A resolution calculated using amplitudes FN (Table 2) , and using phases determined by Henderson et al. (1990) . The contour interval is 4.73 times that used in 1) From the four scaled e-bR data sets, all six possible e-bR subsets, each produced by a merger of various combinations of two e-bR data sets were created. Similarly from the five e-D96N data sets all 10 possible e-D96N subsets, each produced by a merger of various combinations of two (or three) e-D96N data sets were created. From these subsets, all 60 possible sets of pairs of difference intensities (Al)1 and (AI)2 that did not contain data from any common e-bR or e-D96N data set were calculated. Next sample correlation coefficients (r) between all these 60 pairs of independent sets of difference amplitudes and the estimated "true" change (Glaeser et al., 1986) (I Al )s in each case given by (IlI)s = r* 1(IAl)1 * A(,'l)2 (3) were determined. The calculated averaged value (r) was 0.20 and in comparison (r) was 0.02 when the difference intensities calculated within the e-bR subsets were correlated with those calculated within the e-D96N subsets. Using Student's t test, for an average comparison of 120 pairs of Al a value of r = 0.20 is at better than 98% level of significance. From the average of 60 values of ( Al )s, the estimated "noisefree" contribution to fractional intensity change is calculated to be 5.5%. Using the expression Nm = N * (( Al, )s/(b))2 (4) from Crick and Magdoff (1956) to quantitate the number of atoms Nm moved in a structure composed of N atoms corresponding to a given fractional change in intensity, we find that for 2300 nonhydrogen atoms in PM a 5.5% change translates to movement involving about 7 nonhydrogen atoms.
2) Assuming that the merged intensity I with standard deviation a, (= 2.0 * F * u) follows a normal distribution, the difference intensity Al = ID I IN is normally distributed with a standard deviation o4r = N + D Histogram plots of scaled extracted intensity values of symmetry mates for example reflections (4, 3), (3, 4), (11, 3), and (3, 11) from five e-D96N patterns showed that a normal distribution is a good approximation (average coefficient of correlation with a normal distribution was 0.80 which is at better than 95% significance level from Student's t test (Weatherburn, 1961) ). A smoothed profile for the variation of oa as a function of resolution was obtained by weighted least-squares fitting a fourth order polynomial to the averaged values of o4r calculated in resolution shells. The noise estimate E AI in All for a given reflection is given as the mean deviation from the mean value of Al (the observed difference intensity). This, for a normal distribution for Al is equal to o,' * 2/7r (Weatherburn, 1961) where for a given reflection, the value of a, obtained from the fitted polynomial is used. The observed averaged fractional change in intensities, the estimated contribution to this change from noise calculated as above, and the "signal" defined as the difference of the two are listed in Table 3 for various resolution shells. Fig. 6 a shows the difference Fourier map at 3.6-A resolution calculated with amplitudes AF = FD -FN and the same overlaid on an outline of the projection density map of e-bR (Fig. 6 b) . In order to quantitate the contribution of noise in the e-bR and e-D96N data sets to that in the difference map in Fig. 6 a we synthesized a map at 3.6-A resolution (Fig. 7) intensities between data from e-D96N and e-bR, estimated contribution of noise (v) to this change and the estimated true fractional change (mp). (5) FIGURE 7 A "noise" map at 3.6-A resolution synthesized with amplitudes as the expected errors in the difference amplitudes FD -FN (see section on Results for the method of calculating expected errors). The contour interval is the same as in Fig. 6 a.
b FIGURE 6 (a) Projection Fourier difference map calculated to 3.6-A resolution using the difference amplitudes FD -FN I. Solid lines represent positive and dashed lines negative contour levels. The contour interval is one standard deviation fl of the expected noise level (Eq.
2). (b) The difference map in a with the significant peaks shaded dark is overlaid on the e-bR projection map. The locations in projection of the bR helices A (amino-terminal) to G (carboxyl-terminal) and the position of Asp96 as in the three-dimensional model of bR (Henderson et al., 1990) are indicated.
In the map shown in Fig. 6 a, the integrated scattering potentials of all peaks or valleys within and in the neighborhood of the protein envelope are <-3 carbon atoms being about 0.7% of average scattering potential of one transmembrane bR helix.
DISCUSSION
The functional importance of one or more substituted residues in a functionally altered variant of a protein remains unresolved until high resolution structural studies are carried out to determine structural perturbations, if any, due to alteration/s in the amino acid sequence. This study, representing the first high resolution structural analyses of the effects of a single-site mutation in an expressed membrane protein addresses this question for the D96N variant of bR.
e-bR
The difference Fourier map in Fig. 4 b synthesized with the amplitudes FN -F(PM) shows a number of peaks and valleys distributed within the protein envelope and in its neighborhood. In comparison the companion "noise" map (Fig. 4 c) is relatively featureless. The features in the difference map in Fig. 4 b arise from protein conformational change in e-bR and/or rearrangements of the lipids in the lipid-reconstituted e-bR crystal relative to PM. Since the structure factors for PM (Henderson et al., 1990) were measured at -160°C and those for e-bR crystal (this work) are measured at room temperature, some of these changes could be due to temperature-induced structural perturbations in the bR-lipid crystal. In the protein envelope the largest of the peaks and valleys are at helices F, G, and at helix C. At helix F, for instance, the integrated densities and their 4-A separation for the peak(II)/valley(III) pair, represent a calculated moment of -30 eA. This could represent an outward (toward surrounding lipids) movement of -5 C-atom equivalents through --3 A or to an outward movement of <0.1 A of helix F. The broad peak marked I near the amino-terminal helix A was reproducibly seen in both the e-bR-PM difference map (shown) as well as in e-D96N-PM difference map (not shown), and could represent the density corresponding to a 1 302 extra amino-terminal residues in the fusion protein. The integrated potential of 7 C-atoms in this peak corresponds to only about 1.5 amino acids, far less than the expected -10 amino acids based on the estimated proportions of the aminoterminal-processed bR polypeptides in PM (Miercke et al., 1989) and in e-bR . Even considering that any signal in a difference-Fourier map is expected to appear at half its actual size, this peak would correspond at best to three amino acids or to about 30% occupancy of the extra amino terminus amino acids in the fusion protein. This would suggest that the elongated amino terminus in this bR analog is quite disordered as in PM (Henderson et al., 1990 ).
e-D96N
It is known that azide, sometimes used as an antimicrobial agent in buffer solutions, can functionally replace D96 in D96N as a surrogate proton donor and acceptor (Tittor et al., 1989) to reversibly restore wild-type activity. To separate any possible electronic and/or induced structural effect of azide on the mutant protein structure, we removed azide from crystallized e-D96N prior to sample preparation for electron diffraction by washing with large excess of azide-free buffer. Table 3 shows that the estimated "true" averaged fractional change in intensities between e-D96N and e-bR data defined as the difference of the observed and the estimated contribution of noise is largest (9.8%) at high resolution (5-3.6 A) with small contributions (-3.3%) at low resolution. This means that relative to e-bR changes in e-D96N primarily involve movements of atoms through distances that are likely to be -4 A or less. The "noise" map shown in Fig. 7 synthesized with the estimated errors in the e-D96N-e-bR difference amplitudes describes the sizes of peaks and valleys that are expected from the contribution of random noise alone in the consensus difference map shown in Fig. 6 a. The minimum and maximum values of density in the "noise" map was found to be very close to -3fQ and 3fQ, respectively (fl is the estimated standard deviation in the noise level of the difference map in Fig. 6 a calculated using Eq. 2) which is equal to the threshold at which a peak or a valley is considered statistically reliable in a map.
The magnitudes of the changes between e-D96N and e-bR given as the integrated densities of the peaks and valleys in the difference map (Fig. 6 a) are small being <-3 C-atom equivalents. At the site of substitution itself in helix C, as seen from Fig. 6 a, there are no 3fQ level peaks or valleys indicating that there are no significant structural change in this helix. In Fig. 6 a, within the protein envelope, five of the six largest peaks and valleys, at helices A, B, and between F and G are at the 3fQ level (integrated density, -2 C-atoms) and the other at helix E is at the 4fQ level (integrated density -3 C-atoms). The peak between helices F and G, closest to the site of substitution, is at a projected distance of 6.5 A from this site. The strongest peak at 4Q level is at helix E, -20 A away in projection from the site of substitution. There is a valley -6 A away from this peak toward the interior of the protein and the integrated densities and separation of this peak/valley pair (moment -40 eA) correspond to movements of -5 C-atom equivalents through -4 A or to an inwards shift of helix E by <0.1 A. The other peak and valley pair at helix B could represent smaller outward (toward surrounding lipids) movements in the form of -2 C-atoms through --3 A. Recent x-ray diffraction studies Koch et al., 1991) on D96N mutant derived from Halobacterium sp. GRB (Bousche et al., 1991) which probably produces local electrostatic and/or conformational perturbations due either to increased solvent accessibility of the now negatively charged side chain or to formation of a salt bridge with a positively charged side chain in the protein. In D96N such a deprotonation is chemically hindered, and the photocycle proceeds through diffusion-controlled reprotonation of the Schiff base from the bulk medium. Thus it is possible that relative to the wild type there are stronger structural fluctuations in the D96N mutant in the latter half of the photocycle (Thorgeirsson et al., 1991) .
After submission of this manuscript Subramaniam et al. (1993) using membranes isolated from strains of H. halobium (sp. GRB) carrying the D96G mutation published analysis of structural changes between bR ground state and the M state with samples preserved in vitreous ice. These authors concluded that the ground-state structures of D96G and PM are very similar. This was based on a D96G -PM difference Fourier map (Fig. 3 b in their article) that was however an average of maps obtained in vitreous ice and those obtained from glucose-embedded samples. It should be noted that Jaffe and Glaeser (1987) have observed from difference maps calculated at 4.25-A resolution that there are structural variations in PM between glucose embedded and vitreous ice environments. It is possible that between these two environments in the vicinity ofAsp96 or elsewhere there are structural differences the signals from which could fortuitously diminish or cancel out in an averaged difference map. Thus even though our conclusion is similar in relation to the lack of structural change in the ground state of mutant Asp96 with respect to the wild type, our data proves the point more clearly. We have in this work established a formalism for investigating induced structural changes at high resolution at the level of 2-3 carbon atom equivalents in bacteriorhodopsin variants. With the advent of a DNA transformation system for Halobacterium (Cline et al., 1989) such investigations on H. Halobium-expressed bR variants that form highly ordered crystalline arrays in vivo (Fig. 8) are possible for the ground state and in trapped intermediates. CONCLUSION 1) We have developed a protocol that generates large (-5-,um average diameter) 2-D crystals of E. coli-expressed bacteriorhodopsin and its variant D96N starting with opsin protein purified in SDS. These crystals diffract to better than 3.0-A resolution at room temperature and have a lattice homologous to the P3 lattice in PM or in transformed PM. This is the first instance of an integral membrane protein yielding 2-D crystals of such high order after being purified from the denaturing detergent SDS.
2) The structural alterations determined in E. coliexpressed variants should faithfully reproduce the situation in the PM. The Fourier difference map at 3.6-A resolution (Fig. 4 b) shows that the structure of e-bR is similar to that of w-bR in PM with no global structural rearrangements. This agrees with our previous similar conclusions from observations that e-bR has a rate of retinal incorporation, dark and light-adapted absorption properties, light-induced proton pumping activity , photocycle kinetics (Milder et al., 1991) , and chromophore geometry and environment identical to those for w-bR.
3) The difference map (Fig. 6 a) shows that for the isosteric substitution of Asp96 by Asn, the molecular conformation in the fusion bR analog in the ground state is essentially unaltered. This, therefore, proves that the known effect of this mutation in terms of slowing down the decay of the M412 intermediate is not due to ground-state structural perturbations and that the carboxylate moiety is indeed critical for the proton translocation.
